Halloysite nanotubes (HNTs) were functionalized using 3-aminopropyltriethoxysilane (APTES) and incorporated into polyethersulfone (PES) membranes to improve the hydrophilicity of the membranes as well as the interfacial interaction between HNTs and the polymer matrix. The intrinsic properties, permeability, and selectivity of the prepared membranes were analyzed to evaluate the membrane performance. In addition, humic acid (HA) fouling experiments were conducted to measure the antifouling properties of the fabricated membranes. As HNTs and functionalized HNTs (f-HNTs) contents are increased, hydrophilicity and mechanical strength were enhanced, and membranes with f-HNTs showed further improved performance. The pure water flux of membranes with 2% HNTs and f-HNT was 7.5 times higher than that of a pristine PES membrane without a trade-off relation between the water flux and HA rejection. The membranes with f-HNTs showed the highest antifouling properties compared to membranes with HNTs because enhanced hydrophilicity played a key role in preventing accumulation of HA.
Introduction 1
The global population has steadily increased in tandem with industrialization and urbanization. 48 For the functionalization of HNTs, APTES (99%; Sigma-Aldrich, USA) solution (0.6%) was 49 mixed with ethanol/water in a ratio of 6:4. For the hydrolysis of silane, the pH of the solution 50 was adjusted between 3.5 and 4.5 by adding acetic acid (Glacial, 99.7%; Daejung, Korea) . The 51 HNTs (Sigma-Aldrich, USA) were added to the solution and mixed using a stirrer for 2 h to 52 obtain a homogeneous dispersion. The treated HNTs were dried in an oven at 100 °C until 53 ethanol was completely removed, and finally functionalized HNTs (f-HNTs) were obtained. The 54 interaction mechanism is shown in Fig. 1 . 
Functionalization of HNTs

Membrane Fabrication
57
For membrane synthesis, HNTs and f-HNTs were added in n-methyl-2-pyrrolidinone (NMP) 58 (anhydrous 99.5%; Sigma-Aldrich, USA). And then, 1 wt.% of polyvinylpyrrolidone (PVP) (Mw 59 10,000 g/mol; Sigma-Aldrich, USA), a hydrophilic pore-former, was added into NMP with 60 HNTs and f-HNTs. Finally, 20 wt.% of PES (Gafone 3000P; Solvay co., Korea), which was 61 dried in an oven at 40 °C to remove all the moisture, was dissolved in the solution. The whole 62 preparation step for the casting solution took 7 d. The ratio of HNTs and f-HNTs was varied 63 from 0.5 wt.% to 2.0 wt.% of PES by weight, as summarized in Table 1 . The prepared solution 64 was sonicated for 3 h and degassed for 30 min to remove visible and invisible air bubbles. 
Characterizations
76
Fourier transform infrared (FTIR) spectroscopy (Spectrum 400; PerkinElmer, Korea) was used to 77 obtain the surface chemistry of HNTs and f-HNTs. The spectra were recorded at wavelength 78 from 4,000 cm -1 to 450 cm -1 . X-ray photoelectron spectroscopy (XPS) (K-Alpha + ; Thermo fisher,
79
USA) was used to analyze the elemental composition of the surface of HNTs and f-HNTs. The 80 spectra were recorded with binding energies from 600 eV to 0 eV.
81
The morphology of the HNTs, f-HNTs, and the fabricated membranes were observed 82 with the use of field-emission scanning electron microscopy (FE-SEM) (JSM-7500F; JEOL,
83
Korea) at different magnifications. The surface roughness of the membranes was measured by 84 atomic force microscopy (AFM) (XE-100; Park Systems, Korea). The analyzed area was 45 µ m 85 × 45 µm, and the roughness of the membrane surface was shown as mean roughness, .
86
The overall porosity (ε, %) of the membranes was calculated through gravimetry with DI water 87 as the wetting solvent using the following equation:
where 1 is the weight of wet membrane (kg), 2 is the weight of dried membrane (kg), is the 92 thickness of the membranes (m), is the area of the sample (m 2 ), and is the density of DI 93 water at 40°C (992.2 kg/m 3 ).
94
The mean pore radius ( , nm) was determined using the Guerout-Elford-Ferry equation based 95 on pure water flux and porosity based on the following equation: where refers to the water viscosity (0.0010016 Pa-s), is the effective membrane area (m 2 ), 100 is the volume water flux (m 3 /s), and ∆P is the operating pressure (4 bar).
101
For evaluation of the surface hydrophilicity of the membranes, a contact angle 102 goniometer (Phoenix 300; Surface Electro Optics Co., USA) was employed using sessile drop 103 methods. For the static sessile drop method, 3 µL of DI water was dropped onto the surface of 104 dried membranes using a micro-syringe, and the contact angle was measured.
105
The mechanical properties of the membranes were measured by using a universal testing 106 machine (UTM) (TO-100-IC; Testone Co., Ltd., Korea). The tensile test was carried out by following the ASTM-D412 method. The sample was cut to dumbbell-shaped tensile specimens 108 of 6mm width using a die cutter. The sample was then extended at a constant speed of 20 109 mm/min with a load of 3 kgf. The intrinsic properties (i.e., pore properties, hydrophilicity, and mechanical properties) of the 210 synthesized membranes were evaluated and the results are shown in Fig. 4 and Table 2 . The effects of the HNT and f-HNT content on the porosity and mean pore size of the 216 membranes are listed in Table 2 . All the membranes showed similar porosity percentage of The contact angle between the surface of the fabricated membranes and DI water was 230 measured and the results are shown in Fig. 4(a) . (PES). This is because the improved mean pore size helps the water permeate through the 272 membranes. In addition, the formation of interfacial gaps between the HNT and the polymer 273 matrix also enhances the water flux because they act as water channels, and increased 274 hydrophilicity also affects the pure water flux owing to the presence of a large amount of 275 hydrophilic functional groups on the surface of the HNTs and f-HNTs [27] . Also, the porous 276 structure of the HNTs helps the water permeate through capillary action [32] . However, the 277 membranes with HNTs and f-HNTs showed similar pure water flux even though the 278 hydrophilicity of the membranes with f-HNTs was higher than that of the membranes with HNTs.
279
As mentioned above, this is because the interfacial gap was decreased due to the 280 functionalization of HNTs, which leads to decreased mean pore size of the membranes. 
Conclusion
309
In this study, HNTs were functionalized with APTES in order to improve the hydrophilicity and 310 the interfacial interaction between the HNTs and a polymer matrix. Nanocomposite membranes 311
with HNTs and f-HNTs were fabricated via the phase inversion method, and the characteristics 312 and performance of the membranes were evaluated and compared.
313
The conclusions are as follows:
314
(1) HNTs were successfully functionalized with APTES and this was confirmed by XPS and 315 FTIR results.
316
(2) The contact angle of membranes with HNTs and f-HNT decreased, which is attributed to 317 higher hydrophilicity relative to PES. Also, the hydrophilicity of the membranes with f-HNTs 318 was further improved due to its hydrophilic functional groups.
319
(3) The mechanical properties of the membranes with HNTs and f-HNTs were improved. With
320
an increase of f-HNT content of the membranes, the tensile strength was enhanced whereas the 321 membranes with HNTs showed decreasing tensile strength. This is because the interfacial 322 adhesion between the f-HNTs and the polymer matrix was improved.
323
(4) The pure water flux of the fabricated membranes was dramatically improved with an increase 324 of HNT and f-HNT content without a trade-off relation between water flux and rejection. This is 325 due to the improved hydrophilicity and increased mean pore size of the membranes.
326
(5) The membranes with f-HNTs showed better antifouling properties than the membranes with 327
HNTs because of increased hydrophilicity, which leads to the formation of thicker hydrated layer 328 that prevents the adsorption and deposition of HA. Moreover, the low roughness of the 329 membrane surface also played a role in the prevention of HA accumulation on the membrane 330 surface.
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